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Abstract 17 
Antarctic ice sheet and climate evolution during the mid-Miocene has direct relevance for 18 
understanding ice sheet (in)stability and the long-term response to elevated atmospheric CO2 in 19 
the future. Geologic records reconstruct major fluctuations in the volume and extent of marine 20 
and terrestrial ice during the mid-Miocene, revealing a dynamic Antarctic ice-sheet response to 21 
past climatic variations. We use an ensemble of climate - ice sheet - vegetation model 22 
simulations spanning a range of CO2 concentrations, Transantarctic Mountain uplift scenarios, 23 
and glacial/interglacial climatic conditions to identify climate and ice-sheet conditions consistent 24 
with Antarctic mid-Miocene terrestrial and marine geological records. We explore climatic 25 
variability at both continental and regional scales, focusing specifically on Victoria Land and 26 
Wilkes Land Basin regions using a high-resolution nested climate model over these domains. 27 
We find that peak warmth during the Miocene Climate Optimum is characterized by a thick 28 
terrestrial ice sheet receded from the coastline under high CO2 concentrations. During the 29 
Middle Miocene Climate Transition, CO2 episodically dropped below a threshold value for 30 
marine-based ice expansion. Comparison of model results with geologic data support ongoing 31 
Transantarctic Mountain uplift throughout the mid-Miocene. Modeled ice sheet dynamics over  32 
the Wilkes Land Basin were highly sensitive to CO2 concentrations. This work provides a 33 
continental-wide context for localized geologic paleoclimate and vegetation records, integrating 34 
multiple datasets to reconstruct snapshots of ice sheet and climatic conditions during a pivotal 35 
period in Earth’s history. 36 
Highlights 37 
• Ice sheet, climate model output is compared to geologic records of past environment 38 
• We extrapolate continent-wide glacial conditions from local geologic datasets 39 
• A thick but receded terrestrial ice sheet existed under high CO2 and peak warmth 40 
• Marine-based ice expanded when CO2 dropped below a threshold value 41 
• Model results support Transantarctic Mountain uplift through the mid-Miocene   42 
1. Introduction 43 
The mid-Miocene was significantly warmer than present and was characterized by a 44 
dynamic Antarctic Ice Sheet (AIS), with major fluctuations in the volume and extent of terrestrial 45 
and marine-based ice sheets (Gasson et al., 2016; Levy et al., 2016; Miller et al., 2020; 46 
Sangiorgi et al., 2018). Based on deep-ocean oxygen isotope sediment records, the Miocene 47 
Climatic Optimum (MCO; ~17-14.8 Ma) was identified as a period of unusual global warmth 48 
punctuating a long term cooling trend, during which the AIS was highly dynamic and fluctuated 49 
on orbital timescales (Flower and Kennett, 1994; Holbourn et al., 2013; Shevenell et al., 2008). 50 
The subsequent Middle Miocene Climate Transition (MMCT; 14.8-13.85 Ma) was characterized 51 
by interglacials that remained warm but glacials that increasingly intensified, culminating in one 52 
of the major cooling and ice expansion events during the Cenozoic evolution of the AIS. These 53 
prominent climatic variations have been attributed to atmospheric CO2 drawdown, orbitally-54 
driven temperature and precipitation variations, ocean circulation changes, and/or ocean 55 
gateway reconfiguration (e.g., Badger et al., 2013; Flower and Kennett, 1994; Holbourn et al., 56 
2015; Levy et al., 2019; Shevenell et al., 2008). However, considerable uncertainty surrounds 57 
the climate and tectonic boundary conditions throughout the Miocene.  58 
Geological data from a range of different proxies indicate that atmospheric CO2 59 
concentrations were higher than preindustrial levels during the MCO and decreased across the 60 
MMCT (Fig. S1). Various methods have been used to reconstruct past CO2 through the mid-61 
Miocene, together producing a wide range of estimates with values that range from 280 to over 62 
800 ppm (Fig. S1), although work is ongoing to determine the most reliable proxy estimate for 63 
this time period. 64 
The Transantarctic Mountains (TAM; Fig. 1), are a mountain chain over 5000 km long 65 
that divides the West Antarctic Rift System from the East Antarctic craton. Many of the key 66 
terrestrial geologic datasets spanning the Miocene are in or near the TAM (Fig. 1), and the 67 
reconstructed climate and ice-sheet implications of these records are highly sensitive to 68 
elevation. The northern and central TAM, at present-day peak elevations of >4000 m, have 69 
undergone a spatially and temporally complex uplift since the Cretaceous (e.g., Fitzgerald, 70 
2002; Paxman et al., 2019a; Kerr et al., 2000). Glacial erosion and resulting isostatic uplift have 71 
further modified TAM elevations since ice-sheet inception at 34 Ma (Paxman et al., 2019b). The 72 
timing and interplay of thermal, tectonic, and erosional drivers of TAM uplift are relatively poorly 73 
constrained (Paxman et al., 2019a; Stern et al., 2005). Despite uncertainty over the style and 74 
timing of uplift, the TAM has played a significant role in the growth and stability of the East 75 
Antarctic Ice Sheet (EAIS), acting to buttress growth and limit ice flow through to the coast, but 76 
also as a focus of ice sheet nucleation (Gasson et al., 2016).  77 
We explore the large uncertainties in CO2 and TAM uplift by modeling the range of 78 
possible boundary conditions that could have produced the paleoenvironments reconstructed 79 
from geologic data. We investigate Antarctic climate and ice-sheet configuration under a range 80 
of past CO2 concentrations, TAM uplift scenarios, and glacial/interglacial climates using coupled 81 
climate and ice-sheet models. Our work expands on previous model investigations of the mid-82 
Miocene (e.g., Gasson et al., 2016; Langebroek et al., 2009) by including modeled CO2 and 83 
topographic boundary conditions and implementing a detailed and systematic model/data 84 
comparison to evaluate our novel results. 85 
2. Methods 86 
Our model approach asynchronously couples an ice-sheet model (10 km resolution) with 87 
a global climate model (2° resolution) downscaled to a regional climate model over Antarctica 88 
(60 km resolution), and includes interactive vegetation. Nested climate models (Fig. 1a,b) are 89 
conducted at a 15 km resolution. To encompass all possible warm worlds throughout the 90 
Miocene, our model ensemble spans 280 ppm to 1140 ppm CO2. We use a 14 Ma Antarctic 91 
topographic reconstruction (Paxman et al., 2019b) that places the TAM at near-modern 92 
elevation with partial incision of TAM valleys. We hinged TAM elevations following a flexural 93 
cantilever model for TAM uplift (Stern and ten Brink, 1989), lowering the free end by 300m, 94 
500m, and 800m, and raising it by 300m, to encompass all possible uplift histories. In addition to 95 
varying topography and CO2, we simulate a ‘glacial’ or ‘interglacial’ climate that is independent 96 
of the prescribed atmospheric CO2 concentration. ‘Interglacial’ climates are represented with an 97 
austral astronomical configuration favorable for Antarctic deglaciation and an additional 98 
Southern Ocean heat flux (Gasson et al., 2016); ‘glacial’ climates are represented with a cold 99 
austral astronomical configuration and no added heat flux.  100 
We note that the CO2 concentrations reported here are dependent on climate model 101 
physics, and should be placed into context within a long-standing challenge to model the 102 
reconstructed mid-Miocene warmth under relatively low CO2 concentrations (e.g., Gasson et al., 103 
2014; Langebroek et al., 2009). The climate models used in this study (GENESIS, downscaled 104 
with RegCM3) have a climate sensitivity of 2.9°C warming per CO2 doubling; for context, climate 105 
sensitivity in the most recent climate model intercomparison project ranges from 1.8°C to 5.6°C 106 
(CMIP6; Meehl et al., 2020). A climate model with higher climate sensitivity or increased polar 107 
amplification could satisfy the same geological constraints at lower modeled CO2; therefore, 108 
CO2 concentrations should be considered relative and not absolute.  109 
3. Results 110 
3.1 Antarctic Ice Sheet reconstructions 111 
 Our model ensemble spans a wide range of boundary conditions, providing a 112 
comprehensive picture of possible Miocene ice sheet configurations (Fig. 2). The largest ice 113 
sheet was produced by the lowest modeled CO2 concentration (280 ppm) under a glacial 114 
climate; under these conditions, marine ice expanded out onto the continental shelf in a 115 
configuration with 135% volume of the modern ice sheet, accompanied by extensive perennial 116 
sea ice. Winter sea ice is prevalent around the ice sheet margin under 280 ppm CO2 and an 117 
interglacial climate, but does not persist year-round. During 460 ppm glacials, small-scale 118 
marine ice advance coincides with widespread winter sea ice that persists only regionally 119 
throughout the summer. Interglacial climates with 460 ppm CO2 (and glacial climates with higher 120 
CO2 concentrations) produce regional winter sea ice only. The smallest ice sheet was produced 121 
by our warmest ensemble member, a 1140 ppm CO2 interglacial. Despite this high atmospheric 122 
CO2 concentration and warm interglacial ocean temperatures, the EAIS persists at ~75% of 123 
modern volume. Within our model ensemble, this ice sheet has the smallest footprint, with 124 
margins receded far from the coastline, but grows the thickest EAIS due to increased 125 
precipitation (central plateau elevations increase by about 800 m from 280 to 1140 ppm CO2 126 
under an interglacial climate). 127 
 Ice volume trends independent from the orbital glacial/interglacial cycle are influenced by 128 
an interplay of CO2 concentration and TAM elevation. Unsurprisingly, elevated CO2 129 
concentrations lead to smaller ice volumes; lower TAM elevations are also associated with 130 
smaller ice volumes throughout the model ensemble, in part due to their buttressing effect on 131 
East Antarctic ice flowing toward the Ross Sea. 132 
Some ice-free areas of the Antarctic continent were likely colonized by vegetation prior 133 
to the terminus of the MMCT; vegetation existed in the Ross Embayment during the mid-134 
Miocene (Lewis et al., 2008). Our interactive vegetation model reproduced the unique biomes 135 
that develop under each set of boundary conditions within our model ensemble (Fig. 3). Tundra 136 
and boreal-like high latitude forests (taiga) are the most prevalent vegetation types, with 137 
interspersed desert and shrubland, and forest vegetation at the coastline in the warmest 138 
interglacial worlds. With increasing CO2 concentrations, the dominant biome transitions from 139 
tundra to taiga. Topographies with lower TAM elevations are warmer, initiating this biome shift 140 
at lower CO2 concentrations.  141 
3.2 Comparing model results with geologic data 142 
 Terrestrial and offshore paleo-environmental records can be used to constrain past CO2 143 
and TAM uplift boundary conditions through comparison with our model results. We compile 144 
terrestrial and marine datasets from the mid-Miocene (Table S1). In the McMurdo Dry Valleys 145 
(MDVs), local temperature and paleo-environment has been reconstructed from fossil 146 
assemblages including pollen, beetles, diatoms, and mosses (Lewis et al., 2008; Lewis and 147 
Ashworth, 2015). In addition to the terrestrial record, offshore marine drill cores provide a 148 
valuable record of regional ice dynamics and coastal temperatures; we complement the paleo-149 
environmental record from the MDVs with marine drill core data located adjacent to the TAM 150 
and offshore Wilkes Land Basin (WLB; Fig. 1). At each site, data-based paleoenvironmental 151 
reconstructions are compared to our ice sheet and climate model outputs to identify the range of 152 
past CO2 and tectonic uplift scenarios that are consistent with the geologic record at that 153 
specific location (Fig. 4). 154 
The Friis Hills and Mt. Boreas are single locations in the MDVs where fossil 155 
assemblages provide paleo-temperatures. Within our model ensemble, both locations are 156 
covered by an expanded EAIS under all glacial climates and under all interglacials with 280 - 157 
460 ppm modeled CO2 (Fig. 4a,b). An ice cap covers the MDVs under many remaining 158 
boundary conditions. Ice-free interglacials for both locations require a modeled CO2 159 
concentration of 690 ppm with low TAM elevations, and higher CO2 at higher TAM elevations. 160 
However, we note that under some boundary conditions these locations are modeled as ice-161 
covered but adjacent to an ice-free grid cell (Fig. 4a,b), which partly reflects the limitations of 162 
model resolution relative to point-sourced data locations. At the Friis Hills, reconstructed 163 
interglacial Mean Summer Temperatures (MSTs) of 6-7°C (Lewis and Ashworth, 2015) are 164 
reproduced by a range of boundary conditions in the model, with modeled CO2 ≥ 690 ppm (Fig. 165 
4a). Mt Boreas similarly requires ≥ 690 ppm CO2 and TAM elevations lower than modern (Fig. 166 
4b) to reconstruct interglacial MSTs ≥ 5°C (Lewis et al., 2008) but cooler conditions than the 167 
Friis Hills. Many model members grow ice over Mt. Boreas under boundary conditions that 168 
produce ice-free conditions at the nearby Friis Hills; because of the topographic and climatic 169 
complexity of the MDVs, it is likely that a higher model resolution would reveal that these same 170 
boundary conditions produce ice-free conditions (and relatively lower MSTs) at Mt. Boreas. 171 
Tundra paleo-environment has been inferred at both locations, ruling out model members with 172 
high CO2 (≥ 930 ppm; Fig. 3).  173 
We integrate these terrestrial data with information from marine drill core data. Only a 174 
few hundred kilometers from the MDVs, the ANDRILL-2A drill core preserves a sedimentary 175 
record in the Ross Sea spanning the early to middle Miocene (Levy et al., 2016; Passchier et 176 
al., 2011). This marine dataset reveals cyclical changes in coastal environments where ice 177 
occasionally advanced and retreated over the drill site and the surrounding TAM region, 178 
periodically allowing coastal tundra vegetation to flourish. We match each model member with 179 
one of the four environmental motifs described by Levy et al. (2016) to characterize the wider 180 
glaciological setting (Table S2; Fig. 5), and compare modeled glacial flowlines with paleo-ice-181 
sheet flow reconstructions (Fig. S4).  182 
Modelled terrestrial coastal temperatures near the ANDRILL-2A site generally remain 183 
below 0°C during glacial periods (Fig. 4c). ANDRILL-2A palynological analysis suggests 184 
interglacial temperatures of <10°C, with brief peak warmth episodes potentially reaching or 185 
exceeding 10°C (Warny et al., 2009). These temperature ranges (7-10°C and 10-11°C) match 186 
modeled interglacials with high CO2 concentrations at all TAM elevations (Fig. 4c).  187 
Geological drilling off the coast of Wilkes Land at site U1356 recovered a record of EAIS 188 
dynamics and paleoenvironment throughout the Miocene. Peak Miocene warmth is 189 
characterized by soil formation on extensive ice-free coastal lowlands, followed by episodic 190 
growth of marine-terminating ice (Sangiorgi et al., 2018). Our model ensemble reproduces a 191 
dynamic record of glaciation: the WLB is ice-covered during all modeled glacials, but ice-free 192 
conditions prevail during interglacials under modeled CO2 concentrations of 690 ppm and 193 
greater. Terrestrial fossil pollen assemblages from U1356 suggest MSTs >10°C (Sangiorgi et 194 
al., 2018), consistent with interglacial climates with CO2 concentrations of 690 ppm and greater 195 
(Fig. 4d). In addition to MST, reconstructed mean annual temperatures from organic and 196 
inorganic chemistry are consistent with the same model members (Fig. S5), despite the 197 
uncertainties associated with both proxy and model approaches. 198 
Sea ice was mostly absent throughout the MCO, appearing again across the MMCT 199 
(Levy et al., 2016; Sangiorgi et al., 2018). A lack of sea ice corresponds to modeled CO2 200 
concentrations ≥ 780, while increased sea ice post-MCO suggests that CO2 remained below 201 
780 ppm at that time (Fig. 2). After the MCO, cooler marine and terrestrial temperatures and 202 
episodic ice-rafted debris suggest ice expansion punctuated by episodes of ice-sheet retreat 203 
leading to a reduced margin compared to the present day (Pierce et al., 2017; Sangiorgi et al., 204 
2018), conditions which correspond to our interglacial worlds at 460 ppm CO2 (Fig. 2). 205 
4. Discussion 206 
4.1 Implications for Miocene AIS evolution 207 
Marine ice expansion and widespread perennial sea ice has been linked to systematic 208 
changes in ocean circulation and cryosphere development (DeConto et al., 2007; Flower and 209 
Kennett, 1994; Levy et al., 2019; Shevenell et al., 2008). We reconstruct expanded marine ice 210 
only under the coldest model boundary conditions (glacial climate with 280 ppm CO2), and note 211 
that this expanded ice configuration is the only ensemble member characterized by significant 212 
ice shelves and perennial sea ice fringing the continent (Fig. 2). This large marine-based ice 213 
sheet is consistent with geological observations of expanded Miocene marine ice sheets in the 214 
Ross Sea during and after the MMCT (Chow and Bart, 2003; De Santis et al., 1999; Passchier 215 
et al., 2011). However, 280 ppm is also the hypothesized threshold for the onset of large-scale 216 
Northern Hemisphere glaciation (DeConto et al., 2008; Willeit et al., 2015). Given the lack of 217 
compelling evidence for Northern Hemisphere glaciation during the Miocene, and our 218 
reconstruction of small-scale marine advance around the fringes of our modeled 460 ppm 219 
glacial ice sheet, we suggest that the threshold for large-scale marine-based ice growth in our 220 
models is below 460 ppm but higher than 280 ppm. Model CO2 values depend on model climate 221 
sensitivity, however (Methods); this marine ice threshold can also be represented by a global 222 
mean land surface temperature increase of 2.4°C (from 13.7°C to 16.1°C between our 280 and 223 
460 ppm glacial model members). 224 
Although subject to model uncertainties, our process-based model results support 225 
inferences from previous stratigraphic studies of a marine ice threshold of approximately 400 226 
ppm CO2 (Badger et al., 2013; Levy et al., 2016, 2019; Naish et al., 2009), a key uncertainty in 227 
reconstructing past AIS dynamics. 228 
We also note that our coldest ensemble member (glacial climate and 280 ppm CO2, 229 
representing an expanded marine ice sheet with 135% of modern volume) can still support 230 
vegetation refugia; isolated patches of tundra vegetation survive at the edge of the ice sheet 231 
(Fig. 3). 232 
At the other climatic extreme, atmospheric warming under elevated CO2 concentrations 233 
drives recession of the terrestrial ice-sheet margins (Fig. 2) but warmer air temperatures also 234 
facilitate greater precipitation. Although strong orographic precipitation patterns over large ice 235 
sheets concentrate moisture at the margins with interior desert-like conditions, the greater 236 
moisture capacity of warmer air allows relatively more precipitation to reach the EAIS interior. 237 
EAIS growth during past warm periods has been linked to ocean transfer of heat and moisture 238 
from the low- and mid-latitudes (DeConto et al., 2007; Schnitker, 1980; Shevenell et al., 2008), 239 
as well as albedo and cloud feedbacks (Goldner et al., 2013). Accordingly, our model produces 240 
thicker ice sheets in higher-CO2 worlds (Fig. 2), highlighting the significance of relatively small 241 
precipitation changes integrated over the expansive polar plateau. These observations support 242 
the hypothesis that ice mass losses from future retreat of the EAIS margin onto land could be 243 
partially offset by thickening in the interior. 244 
Our results indicate that increased precipitation in warmer worlds supports a thick EAIS 245 
plateau significantly receded inland from the coast (Fig. 2). These model reconstructions are 246 
consistent with proximal geologic data that suggest the ice sheet receded from the coastline 247 
during peak Miocene warmth (Levy et al., 2016; Passchier et al., 2011; Sangiorgi et al., 2018), 248 
although these records cannot constrain the inland extent of the EAIS. Our work reproduces 249 
large changes in ice volume at lower CO2 concentrations (280 – 460 ppm) but the EAIS remains 250 
insensitive to CO2 at higher concentrations, which is broadly consistent with the relationship 251 
between CO2 and sea level documented by Foster and Rohling (2013) and Greenop et al. 252 
(2019). These studies suggest that full EAIS deglaciation occurs at CO2 concentrations of ~700 253 
– 1000 ppm. The higher CO2 threshold of EAIS stability in our results is concordant with 254 
previous ice-sheet modeling (Pollard and DeConto, 2005), and is also influenced by model 255 
climate sensitivity; at a higher equilibrium climate sensitivities, enhanced polar amplification may 256 
contribute to EAIS deglaciation at lower model CO2 concentrations. Regardless of the model 257 
climate sensitivity, these model results are inconsistent with far-field sea level records indicating 258 
complete EAIS deglaciation during the MCO (Miller et al., 2020). This discrepancy reinforces the 259 
need for integrating proximal glacial records, process-based modeling, and far-field sea level 260 
records to fully reconstruct ice-sheet stability during past warm periods. 261 
Our model ensemble design explores the interplay between climate, tectonic forcings, 262 
and ice sheet evolution. Increasing CO2 above preindustrial levels exerts a greater influence on 263 
modeled ice-sheet volume than TAM elevation, although the TAM uplift scenario does impact 264 
the resulting ice sheet (Fig. 2). In cooler worlds with a full EAIS (e.g., 280 ppm), higher TAM 265 
elevations provide less vertical accommodation for a thick EAIS, but they serve to buttress EAIS 266 
growth and promote greater ice volume. In warm worlds where the TAM is mostly deglaciated, 267 
higher elevations remain cooler and can support larger ice caps, so ice volume is also greater. 268 
Therefore, we suggest that TAM uplift throughout the Miocene could have increased the 269 
capacity for continental ice growth under all CO2 concentrations. 270 
Our reconstructions of large glacial/interglacial fluctuation of grounded ice across the 271 
WLB are consistent with geologic evidence of deglaciation of the WLB during warm periods 272 
(Cook et al., 2013; Pierce et al., 2017). With modeled CO2 concentrations of 460 ppm or 273 
greater, the WLB is deglaciated during interglacials. Under 460 ppm boundary conditions, the 274 
shape of the WLB ice embayment is modulated by TAM elevation; at higher CO2 275 
concentrations, the receded eastern margin remains consistent across all topographies and only 276 
the TAM ice cap on the western side is influenced by TAM elevation. During glacial periods 277 
under all CO2 concentrations, ice regrows over the WLB (Fig. 2). We note that grounded marine 278 
ice in the Ross Sea (280 ppm glacials, and 460 ppm glacials to some extent) occurs only when 279 
the WLB is fully glaciated. Although the WLB remains exposed at relatively low-CO2 280 
interglacials, the Aurora Subglacial Basin appears to be less sensitive; we only reproduce 281 
significant deglaciation of this region under 1140 ppm CO2. 282 
4.2 Terrestrial records  283 
Temperatures and ice configurations in the MDVs are highly sensitive to TAM uplift. 284 
Reconstructed temperatures at Friis Hills and Mt. Boreas are reproduced by our model under a 285 
range of boundary conditions (Fig. 4a,b), but these results must be carefully considered in light 286 
of model resolution issues. Despite the computational achievement of running an ensemble of 287 
nested climate models at 15km resolution, this resolution is too coarse to fully capture the highly 288 
variable microclimates of the MDVs and small ice cap fluctuations across the complex and 289 
variable TAM topography. Nearby ice caps can insulate adjacent ice-free areas year-round; 290 
therefore, local topographic highs with small ice features may not be resolved in our model 291 
setup but could have a significant impact on local temperatures. The Friis Hills and Mt. Boreas 292 
were ice-covered during glacials and ice-free but located near the ice margin during interglacials 293 
(Lewis et al., 2008; Lewis and Ashworth, 2015), implying small scale glacial fluctuations 294 
potentially below the resolution of the nested climate model (15 km) or the ice-sheet model (10 295 
km). Given the relatively coarse model resolution and complex topography of the MDVs, it is 296 
likely that a much wider range of boundary conditions can produce ice-free conditions at these 297 
sites (especially Mt. Boreas) but is not represented in our model approach. We acknowledge 298 
that that MSTs of 5-6°C at Mt. Boreas and 6-7°C at Friis Hills may be achieved under a wider 299 
range of boundary conditions than shown in Fig. 4b, but our necessary model resolution masks 300 
these subtle variations in ice cover. Another source of uncertainty derives from the use of 301 
modern analogues to assign temperature ranges to fossil pollen assemblages; in addition to 302 
paleo-geographic differences, modern species may no longer mirror their fossil counterparts. 303 
We therefore recognize that the temperatures at Mt. Boreas and Friis Hills may not be 304 
significantly different from each other. 305 
4.3 Marine records 306 
 Marine drill cores can record detailed regional information on past ice dynamics through 307 
time. Here, our ensemble of ice-sheet model reconstructions provides spatial context for the 308 
environmental facies identified at ANDRILL-2A (Fig. 5). Paleo-temperature reconstructions at 309 
this site match modeled coastal temperatures in our moderate to high-CO2 interglacial 310 
simulations (Fig. 4c).  311 
Grounded ice across the ANDRILL-2A drill site does not necessarily require the 312 
presence of the WAIS; both our modeled 280 and 460 ppm glacial worlds produce ice advance 313 
over the drill sites. However, an expanded marine-based ice sheet across the Ross Sea 314 
(‘maximum ice’ environmental motif, EM I) requires modeled CO2 to fall below 460 ppm; the 460 315 
ppm glacial model is characterized by small-scale localized advance of marine ice sourced from 316 
the TAM (Fig. S4). The ‘cold polar’ environmental motif (EM II), interpreted as ice grounded at 317 
the coastline or slightly expanded into coastal marine environments and possibly forming an ice 318 
shelf, is produced only by the overriding of the EAIS through the TAM (Fig. S4). The ‘cold 319 
temperate’ motif (EM III), representing tidewater glaciation, is achieved in our model both with a 320 
full EAIS as well as a TAM ice cap (Fig. S4). EM III model members where the EAIS overrides 321 
the TAM have lower CO2 concentrations and higher TAM elevations, because lower CO2 322 
supports the growth of a large EAIS but high TAM elevations prevent ice from fully reaching the 323 
coast (EM II). At higher CO2 concentrations, we reconstruct EM III tidewater glaciation with a 324 
TAM ice cap expanded towards the coast. 325 
 Our model results provide valuable process-based context for ANDRILL-2A 326 
interpretations. Levy et al. (2016) divided their EM III motif into cooler (EM IIIa) and warmer (EM 327 
IIIb) environments. Here we also reconstruct diverging glacial environments within the EM III 328 
tidewater glaciation motif (TAM ice cap versus full EAIS); we add to their interpretation by 329 
suggesting that EM IIIa occurs at lower CO2 concentrations with a full EAIS overriding the TAM, 330 
while EM IIIb is characterized by a local TAM ice cap. We also note that significant ice flow 331 
through the outlet glaciers north of Byrd Glacier occurs only when a full EAIS is connected to 332 
the TAM (Fig. S4); therefore, based on these results, sediments linked to Mulock or Skelton 333 
Glaciers could potentially interpreted as representative of EAIS overriding the TAM. This 334 
observation is borne out in the mineral provenance data at ANDRILL-2A; Mulock and Skelton 335 
glaciers contribute more sediment to the drill site during the cooler EM IIIa (Levy et al., 2016), 336 
when our model results would indicate a full EAIS. Generally, our modeled ice flowlines match 337 
mineral provenance reconstructions (Talarico et al., 2011) for interglacial conditions. Model 338 
flowlines (Fig. S4) indicate that Byrd Glacier was a significant EAIS outlet under all model 339 
boundary conditions used within our ensemble, and thus could have sourced sediment to the 340 
ANDRILL-2A site throughout the Miocene. This is consistent with the observation of coarse 341 
iceberg-rafted sediment delivered to the drill site even during warm environments (Levy et al., 342 
2016). 343 
 Off the coast of Wilkes Land, pollen records captured in the U1356 marine drill core 344 
suggest that the WLB was characterized by warmer conditions than the TAM region, based on 345 
high pollen percentages of conifers and woody taxa diversity (Sangiorgi et al., 2018). Our model 346 
results uphold this interpretation; the high-resolution regional climate model over the TAM 347 
domain is consistently cooler than WLB, and is accentuated by higher TAM elevation 348 
adjustments. This temperature difference derives from topographical differences between the 349 
elevated TAM and lower, more coastal WLB/Adelie Coast, as well as a latitudinal difference 350 
between the two regions.  351 
The U1356 site lacks evidence for marine ice or sea ice throughout the MCO (Sangiorgi 352 
et al., 2018). At higher CO2 concentrations (780 ppm or greater), our modeled glacial ice sheets 353 
leave a very thin ice-free zone at the coast, likely due to relatively warm ocean temperatures, 354 
which could have minimized marine-terminating glaciation and explain the lack of ice-rafted 355 
debris at the drill site during warmer glacial periods.  356 
Sangiorgi et al. (2018) reconstruct episodic marine ice advances during the MMCT, 357 
accompanied by sea ice. Under glacial climates, our models produce ice expanded over the 358 
WLB to the coastline, with perennial sea ice under CO2 concentrations < 690ppm. Our coldest 359 
model member, characterized by marine ice-sheet expansion elsewhere around the continent, 360 
does not produce grounded ice across the Wilkes Land continental shelf. Instead, our model 361 
shows large-scale marine-terminating glacial systems, capable of producing the ice-rafted 362 
debris pulses that reached site U1356 (Pierce et al., 2017; Sangiorgi et al., 2018) (Fig. 2; Fig. 363 
6). This configuration is consistent with the conclusions of Pierce et al. (2017), who use 364 
provenance data from ice-rafted debris at site U1356 to conclude that the MMCT ice sheet 365 
expanded over the WLB but remained inland of its present location.  366 
4.4 Characterizing the Mid-Miocene  367 
We constrain our ice-sheet and climate model results with available Miocene paleo-data 368 
from the TAM and WLB regions (Table S1) to highlight possible climatic and solid-Earth 369 
boundary conditions across major climatic events. Based on our model/data comparison 370 
approach, we investigate the evolution of atmospheric CO2, TAM uplift, and ice-sheet dynamics 371 
during glacial and interglacial cycles throughout the Miocene. We provide potential model 372 
‘snapshots’ of MCO and MMCT time periods that are consistent with the sparse geologic data 373 
(Fig. 6). Because the CO2 values in our models are conditional on the model climate sensitivity, 374 
we consider our results to indicate approximate ‘model CO2’ values rather than absolute values. 375 
The Early Miocene (‘pre-MCO’; Table S1) encompassed both warm interglacials as well 376 
as episodes of marine ice advance. The ANDRILL-2A record identifies short-lived intervals of 377 
the ‘minimum ice’ environment with proximal tundra vegetation; based on our model results, this 378 
would imply that CO2 concentrations periodically exceeded 690 ppm (Fig. 5b,c). Moderately 379 
warm conditions (characterized by ‘cold temperate’ tidewater glaciation) imply a wide range of 380 
CO2 concentrations (Fig. 5b,c) that are consistent with the Friis Hills record of an ice-free 381 
interglacial period (Fig. 4a). Marine ice occasionally advanced around the continent during early 382 
Miocene glacial periods (Levy et al., 2016; Passchier et al., 2011; Williams and Handwerger, 383 
2005) (Fig. 5b), consistent with our modeled 460 ppm glacial world and therefore implying a 384 
CO2 drop below approximately 460 ppm. 385 
 386 
4.4.1 Miocene Climatic Optimum (MCO) 387 
The MCO was an unusually warm time period (~17-14.8 Ma). The ANDRILL-2A record 388 
reconstructs warm episodes across the MCO varying from ‘cold temperate’ tidewater glaciation 389 
to ‘minimum ice’ with coastal tundra vegetation associated with peak warmth (suggesting CO2 390 
greater than 690 ppm and TAM elevations lower than modern; Fig. 5). ‘Cold polar’ conditions 391 
rarely occurred, suggesting that CO2 remained well above 460 ppm (Fig. 5). ANDRILL-2A 392 
temperatures match modeled interglacials at 690 ppm CO2 or greater; peak warmth 393 
reconstructions suggest CO2 concentrations of 780 ppm or greater (Fig. 4c). MCO 394 
paleotemperatures at site U1356 also suggest relatively high CO2 concentrations (Fig. 4d). 395 
Based on the temperature constraints for the MCO (Fig. 4) and reconstructed environmental 396 
motifs (Fig. 5), our 690 and 780 ppm model simulations best capture MCO interglacial 397 
temperatures and MCO peak warmth, respectively, with TAM elevations at least below modern 398 
(Fig. 5c). At the Friis Hills, matching the reconstructed ice-free interglacial conditions for the late 399 
MCO under these elevated CO2 concentrations requires a TAM elevation adjustment of -500m 400 
or greater (Fig. 4a). 401 
We also constrain possible boundary conditions during the MCO using vegetation 402 
records, with the caveat that the coarse resolution of our vegetation model does not fully 403 
capture the regional topographic variability in the TAM. Vegetation reconstructions mainly 404 
consist of tundra (Lewis et al., 2008; Sangiorgi et al., 2018; Warny et al., 2009); Sangiorgi et al., 405 
(2018) also suggest that the WLB was characterized by a higher percentage and greater 406 
diversity of woody taxa than MDV records. Modeled 690 and 780 ppm interglacials generally 407 
satisfy these conditions, although the taiga biome begins to dominate over tundra at lower TAM 408 
elevations under 780 ppm CO2 (Fig.3).  409 
To incorporate model/data comparisons of paleo-temperature, glacial environment, and 410 
vegetation, we suggest that MCO interglacials were characterized by elevated CO2 and TAM 411 
elevations at least 300 m lower than modern. We therefore infer that MCO peak warmth was 412 
characterized by receded ice caps and tundra along the TAM, widespread deglaciation of the 413 
WLB, and a substantial interior EAIS (Fig. 6). During glacials, the EAIS expanded to the coast. 414 
 415 
4.4.2 Mid-Miocene Climatic Transition (MMCT) 416 
During the MMCT, a large-scale climate transition from 14.8 – 13.8 Ma, glacial 417 
expansion appears to have successively intensified (e.g., Shevenell et al., 2008) (Fig. S1). The 418 
Friis Hills and Mt. Boreas sites record late MMCT interglacials with similar fossil assemblages 419 
as MCO interglacials (indicating relative warmth and characterized by tundra vegetation and ice-420 
free but ice-proximal conditions), suggesting CO2 > 460 ppm (Fig. 4a,b). ‘Cold temperate’ 421 
conditions characterized by tidewater glaciation are inferred at the ANDRILL-2A site during 422 
MMCT warm intervals, consistent with CO2 ≥ 460 ppm (Fig. 5). At site U1356, the MMCT was 423 
characterized by greater continental ice cover compared to the MCO, but interglacial episodes 424 
of warm water incursions drove smaller WLB ice configurations than modern with shrub tundra 425 
growing on the continent (Sangiorgi et al., 2018). These conditions are most compatible with our 426 
modeled 460 ppm CO2 interglacial simulation, in which our ice-sheet model produces an 427 
interglacial WLB ice embayment configuration that matches the locations of inland bedrock 428 
erosion suggested by provenance of MMCT ice-rafted debris (Pierce et al., 2017). However, 429 
temperature constraints from the MDVs (Fig. 4a,b) are more consistent with our modeled 430 
simulations at 690 ppm CO2 (or greater at lower TAM elevations). 431 
Glacial periods across the MMCT increasingly intensified and expanded across the Ross 432 
Sea beginning around 14.6 Ma (Levy et al., 2016; Passchier et al., 2011). At the maximum ice 433 
extent, the EAIS overrode the MDVs (Lewis et al., 2008, 2007; Lewis and Ashworth, 2015), 434 
advanced across the Ross Sea (Chow and Bart, 2003; De Santis et al., 1999; Passchier et al., 435 
2011) and expanded over the WLB (Sangiorgi et al., 2018). These reconstructions are satisfied 436 
by our coldest modeled glacial simulation, with CO2 concentrations below the threshold for 437 
marine ice advance (which we place slightly lower than 460 ppm). In our model, this marine ice 438 
threshold must be exceeded to grow ice over Prydz Bay, which is consistent with geologic data 439 
implying a prominent marine ice excursion during the MMCT (Florindo et al., 2003). We show 440 
that large-scale marine ice advance at the MMCT was accompanied by widespread perennial 441 
sea ice, which has been reconstructed by Levy et al. (2016) and Sangiorgi et al. (2018). Despite 442 
marine ice-sheet expansion elsewhere across the continent, grounded ice did not advance 443 
across the WLB continental shelf; instead, our model produces large-scale marine-terminating 444 
glacial systems capable of sourcing the ice-rafted debris at site U1356 (Pierce et al., 2017; 445 
Sangiorgi et al., 2018).  446 
We suggest that CO2 concentrations across the MMCT reached 460 – 690 ppm during 447 
warm interglacials but periodically dropped below 460 ppm to produce marine ice excursions 448 
and may have dropped to 280 ppm during maximum ice sheet expansion. An overall trend of 449 
declining CO2 across the MMCT produced relatively cool interglacials characterized by a 450 
smaller-than-modern terrestrial ice sheet, punctuated by glacial periods when EAIS expanded to 451 
the coast, overriding the TAM and growing into the marine realm (Fig. 6). Although the growth of 452 
a large-scale marine ice sheet can be attained in our simulations by simply lowering CO2 453 
concentrations below 460 ppm, MMCT marine ice expansion was likely a response of the 454 
interplay between CO2 drawdown, glacial feedbacks, and the significant changes in Southern 455 
Ocean circulation reconstructed at ~14 Ma. 456 
 457 
4.4.3 TAM uplift 458 
Estimates of TAM uplift throughout the Miocene vary. Rates of up to 100 m per million 459 
years are inferred from fission-track thermochronology (Fitzgerald, 1992), implying that mid-460 
Miocene elevations could have been over 1 km lower than modern. Others have suggested that 461 
uplift since ~14 Ma was 300 – 800 m based on thermochronology and geomorphology (Miller et 462 
al., 2010), 300 – 400 m since the late Miocene based on diatom assemblages (e.g., Prentice 463 
and Krusic, 2005; Webb, 1974), less than 300 m since the Pliocene based on subaerial volcanic 464 
outcrops (Wilch et al., 1993), 250 m since the Pliocene based on changes in dynamic 465 
topography (Austermann et al., 2015). Geomorphological studies suggest that modern 466 
elevations were attained by the end of the MMCT (Sugden et al., 1993) but that 400 m of 467 
subsidence occurred in the Miocene and was followed by 300 m of uplift in the Pliocene 468 
(Sugden et al., 1995). Clearly, TAM uplift history remains a topic of ongoing research. Although 469 
our model approach represents mountain uplift with a simple hinged cantilever (Stern and ten 470 
Brink, 1989), uplift was spatially and temporally complex and resulted from a complex and 471 
variable interplay of processes such as thermal uplift accompanying early rifting of the passive 472 
margin, thermal subsidence as the rift widened, and fluvial downcutting driving isostatic uplift 473 
(e.g., Kerr et al., 2000; Stern and ten Brink, 1989). Different regions of the TAM have unique 474 
uplift histories; our model/data comparison is mainly based on paleoenvironmental records from 475 
the MDVs, so our results apply to primarily to the Dry Valleys block of the TAM which is thought 476 
to have been uplifted as one unit since the Early Tertiary (Fitzgerald, 2002). 477 
Our model/data comparison of the MCO and MMCT time periods provides support for 478 
TAM uplift throughout the mid-Miocene. Across the MCO, modeled TAM elevations of at least 479 
300 m below modern are consistent with geologic paleoenvironmental records. Modeled TAM 480 
elevations lowered by -300, -500 and -800 m can reproduce the reconstructed summer 481 
temperatures at the Friis Hills, the minimum-ice glacial environment reconstructed at the 482 
ANDRILL-2A site, and tundra vegetation along the TAM and WLB at lower (690 ppm) CO2. Our 483 
model-based inference of at least 300 m of TAM uplift through the mid-Miocene is consistent 484 
with geological studies reconstructing post-mid-Miocene uplift (e.g., Austermann et al., 2015; 485 
Miller et al., 2010; Webb, 1974). 486 
As glacial periods intensified across the MMCT, ice sheet overriding events likely drove 487 
valley erosion and corresponding isostatic rebound. We note that lower TAM elevations support 488 
more warm-based ice (Fig. S4), which could have driven additional erosion of these valleys as 489 
glaciers exploited the pre-existing fluvial landscape (e.g., Jamieson and Sugden, 2008). Thus, 490 
rising TAM elevations across the mid-Miocene could have contributed to a shift from wet-based 491 
to cold-based glaciation (Behrendt and Cooper, 1991) that is widely observed across the TAM 492 
at the same time (Lewis et al., 2007). Our model/data comparison suggests that isostatic 493 
response to sediment removal may have contributed to 800 m of uplift across the MMCT (our 494 
lowest modeled TAM elevation, which is still consistent with the paleoenvironmental record), 495 
causing the shift in basal thermal character inferred to have occurred between 14 and ~12 Ma. 496 
 497 
4.4.4 Post-MMCT 498 
Geologic records clearly show the extinction of vegetation from high elevations of the 499 
TAM at the end of the MMCT (Lewis et al., 2008; Lewis and Ashworth, 2015), which could have 500 
occurred due to a cooling climate driven by rising TAM elevations and decreasing CO2 501 
concentrations that we reconstruct from our model/data comparison. However, the presence of 502 
localized tundra vegetation in our model results suggest that despite extinction at high 503 
elevations, vegetation could have persisted in coastal lowlands beyond the MMCT. This is 504 
corroborated by geologic data from the DVDP-10 and -11 cores indicating that plants persisted 505 
at lower elevations in Taylor Valley until the Early Pliocene (Ohneiser et al., 2020), and 506 
palynological evidence for woody vegetation after the MMCT (Sangiorgi et al., 2018). 507 
5. Summary and Conclusions 508 
We use asynchronously coupled ice-sheet and climate models under a range of different 509 
boundary conditions to reproduce mid-Miocene glacial and paleoenvironmental reconstructions 510 
across the TAM and WLB. Our model ensemble design explores the interplay between climate, 511 
mountain uplift, and ice sheet evolution.  512 
Our results provide model-based support for geological reconstructions of large-scale 513 
marine ice expansion in the mid-Miocene at approximately 400 ppm CO2, and was associated 514 
with the formation of perennial sea ice fringing the continent. Based on geologic evidence of 515 
marine-based ice sheets, CO2 concentrations dropped below approximately 400 ppm several 516 
times during the early and mid-Miocene, and must have done so consistently across the MMCT. 517 
Even during these episodes of marine ice expansion, isolated patches of tundra vegetation 518 
survived at the edge of the ice sheet. With increasing CO2 concentrations (above 280 ppm), we 519 
model dynamic ice-sheet behavior over WLB, with a full cycle of advance and retreat between 520 
glacials and interglacials, consistent with geologic evidence for vulnerability of this region. We 521 
match model ensemble members with ANDRILL-2A environmental motifs, providing process-522 
based spatial context to extrapolate drill core interpretations. 523 
Model climate under a range of boundary conditions can be directly compared to mid-524 
Miocene paleoenvironmental conditions to characterize glacial and interglacial periods across 525 
the MCO and MMCT and to extrapolate wider glacial conditions from reconstructed 526 
paleoenvironment at limited locations. We suggest that MCO peak warmth is most consistent 527 
with our modeled interglacial simulations at 690 – 780 ppm CO2, characterized by small TAM 528 
ice caps surrounded by tundra and widespread deglaciation of the WLB. During peak Miocene 529 
warmth, we model a thick EAIS receded from the coastline (~85-90% modern volume), driven 530 
by greater moisture delivery in a warmer atmosphere. 531 
During MMCT interglacials, ice cover over the WLB was greater than during MCO 532 
interglacials but smaller than present. The TAM was characterized by tidewater glaciation and 533 
tundra vegetation, with ice-free but ice-proximal conditions at the Friis Hills and Mt. Boreas 534 
sites. Reconstructed paleoenvironment and temperatures are most consistent with our modeled 535 
interglacial simulations at 460 – 690 ppm CO2. Declining CO2 across the MMCT exceeded the 536 
threshold for marine-based ice sheet growth during some glacial periods, driving the expansion 537 
of grounded ice into marine embayments around the continent. Grounded ice did not advance 538 
across the WLB continental shelf, instead forming large marine-terminating systems at the 539 
coastline. 540 
We hypothesize that TAM uplift was ongoing throughout the mid-Miocene; modeled TAM 541 
elevations of at least 300 m below modern are consistent with geologic paleoenvironmental 542 
records across the MCO. Lower modeled TAM elevations (500 – 800 m below present) produce 543 
modeled climates that better satisfy the reconstructed glacial conditions and temperature 544 
around the TAM but are less consistent with our vegetation reconstructions. As the TAM 545 
uplifted, rising elevations could have supported the growth of greater ice volumes under all CO2 546 
concentrations. Progressive valley erosion during intensifying glacial advances across the 547 
MMCT likely contributed to isostatic uplift of the valleys and may have driven the shift from wet-548 
based to cold-based glaciation across this transition.  549 
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Figure 1. Location of regions mentioned in text, along with paleo records used for model/data 565 
comparison (A2A: ANDRILL-2A, MB: Mt. Boreas, FH: Friis Hills), shown with modern ice 566 
thickness and bathymetry. For each model, we initiate 15-km-resolution nested RCMs across 567 
smaller domains: (a) Transantarctic Mountains region, to provide context for ANDRILL-2A and 568 
McMurdo Dry Valleys (MDVs) paleo records; and (b) offshore Wilkes Land Basin, to provide 569 
context for the U1356 drill core.  570 
 571 
Figure 2. Model ensemble results: equilibrated ice sheet configurations under varying 572 
astronomical orbits (‘glacial’ and ‘interglacial’), topography, and CO2 boundary conditions. Initial 573 
model topography (Paxman et al., 2019b) has an additional TAM elevation adjustment. Yearly 574 
sea ice variability is represented by plotting sea ice extent for the month where sea ice is at a 575 
minimum and the month where sea ice is at a maximum. On the upper rows, ‘interglacial’ 576 
climates are represented with an austral astronomical configuration favorable for Antarctic 577 
deglaciation and an additional Southern Ocean heat flux (Gasson et al., 2016); on the bottom 578 
row, ‘glacial’ climates are represented with a cold austral astronomical configuration and no 579 
added heat flux. Modeled ice sheets represent generic glacial or interglacial periods with 580 
constant boundary conditions. 581 
 582 
Figure 3. Vegetation over the TAM region modeled using the BIOME4 interactive vegetation 583 
module (model resolution is 2°x2°; black line shows 10km-resolution ISM grounding line). The 584 
colorbar groups together biome outputs by vegetation type. Model runs under glacial conditions 585 
are shown in the bottom row; upper rows show runs under interglacial conditions. 586 
  587 
 588 
Figure 4. Model temperatures at paleodata locations shown in Fig. 1. At each location (or, for 589 
the marine drill cores, an average of nearby coastal locations), we show mean summer 590 
temperature (MST) climate model output under each set of boundary conditions. Grey boxes 591 
indicate that the location is ice-covered, either by the East Antarctic Ice Sheet (EAIS; light grey) 592 
or an ice cap (dark grey). Thick black box outlines and contour lines indicate ensemble 593 
members and extrapolated boundary conditions, respectively, that satisfy the paleo-temperature 594 
constraints (Table S1). (a-b) MSTs at terrestrial locations (Friis Hills and Mt. Boreas); stippling 595 
indicates that the site is ice-covered but located <10km from the ice margin. (c-d) MSTs for 596 
marine locations (ANDRILL-2A and U1536) are averaged from proximal coastal grid cells near 597 
the drill core site, representing the source of terrestrial pollen to the drill core. At ANDRILL-2A, 598 
black outlines denote temperatures 7-10°C, and grey outlines denote temperatures 10-11°C 599 
(interglacial temperatures and peak warmth, respectively; Warny et al., 2009). (d) At site U1356, 600 
offshore Wilkes Land Basin, we show only the original reconstructed topography because the 601 
TAM hinging region does not extend across this area (Fig. S3).  602 
 603 
Figure 5. (a) Model representation for each of the environmental motifs identified at the 604 
ANDRILL site (Levy et al., 2016), indicated by a red dot. EM I is ‘maximum ice’ (grounded ice); 605 
EM II is ‘cold polar’ (coastal ice); EM III is ‘cold temperate’ (tidewater glaciation); and EM IV is 606 
‘minimum ice’. (b) Drill core recovery is represented with environmental motifs through time. (c) 607 
We assign an environmental motif for each ensemble model member (Table S2).   608 
 609 
Figure 6. Possible configurations for Middle Miocene Climatic Transition (MMCT) and Miocene 610 
Climate Optimum (MCO) worlds, where ‘G’ and ‘IG’ denote glacial and interglacial periods. The 611 
MCO interglacial snapshot represents peak warmth; the MMCT glacial snapshot reflects 612 
maximum ice extent. Locations of the relevant paleo-data records are shown for each time 613 
period (Fig. 1; Table S1).  614 
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